The Spring Phytoplankton Bloom takes place in the Central Cantabrian Sea (Southern Bay of Biscay) from late-winter to spring as a series of blooms with variable biomass accumulation. In late-winter of 2004 and 2005, phytoplankton blooms occurred in this area following a change in the weather. In order to describe the dynamics of these late-winter blooms, two oceanographic cruises which involved high-frequency sampling (every 2 -3 days) were carried out. Meteorological conditions during the cruises showed similar changes in variables relevant to phytoplankton physiology and population dynamics. Before the bloom, phytoplankton started to grow actively when underwater photosynthetic active radiation (PAR) increased. However, biomass accumulation did not occur until wind, and hence turbulence levels in the water column, decreased. The observations presented here suggest that before the onset of a late-winter bloom a preliminary physiological activation phase is necessary driven by increased availability of underwater PAR. Afterwards, biomass accumulation can take place provided wind-derived water column turbulence decays. The development of the bloom is reinforced by the shoaling of the surface mixing layer depth. The timing of this sequence of events can be altered by meteorological disturbances, such as an increase of wind speed. The composition of the bloom differed across-shelf: phytoplankton larger than 5 mm in equivalent spherical diameter (ESD) dominated on the coast and inner shelf, whereas smaller phytoplankton (,5 mm ESD) were more important in the oceanic area, markedly when a frontal structure separating both domains developed at the mid-shelf.
I N T RO D U C T I O N
The study of the factors and mechanisms underlying the variability of phytoplankton populations is a pervading theme in marine ecology. It is widely recognized that bottom-up processes, driven ultimately by meteorological-hydrographic variability, play a major role in the control and modulation of phytoplankton populations (e.g. Smayda, 1998; Nogueira et al., 2000) . Consequently, the study of the environmental conditions favouring population increase, decrease or maintaining a constant population is an important line of research in order to understand the large temporal and spatial variability that occurs in the distribution of phytoplankton.
The Cantabrian Sea (Southern Bay of Biscay) belongs to the Northeast Atlantic Shelves Province (Longhurst, 1998) . Accordingly, its seasonality corresponds to a temperate sea, characterized by four main oceanographic seasons that define the main points in relation to the annual cycle of phytoplankton biomass and seasonal succession: (i) a relatively intense mixing period in winter, when the replenishment of nutrients to the surface layers occurs but phytoplankton biomass is low due to light-limitation; (ii) the development of the seasonal thermocline at the beginning of spring, characterized by intense nutrient uptake associated with phytoplankton growth; (iii) the consolidation of thermal stratification during summer, when surface nutrient concentrations reach minimum annual values and thus limit phytoplankton production and (iv) a de-stratification phase in autumn (Varela, 1996) , when another phytoplankton bloom may occur during the transitional stage between stratification and mixing (Fernández and Bode, 1991) . However, as can be deduced from satellite images (Ueyama and Monger, 2005) , phytoplankton blooms framed within this annual scenario usually take place as short-lived events that persist for only 1 to 2 weeks.
A bloom can be defined as a rapid increase of phytoplankton biomass caused by locally enhanced primary production (Legendre, 1990) . This definition focuses on two necessary features of a bloom: the enhancement of primary production and the accumulation of phytoplankton biomass. Mechanisms underlying bloom initiation have been an important focus of interest since the 1930s (Gran and Braarud, 1935) . Historically, the hypotheses about bloom development have tried to explain bloom dynamics invoking a unique mechanism and exploring which physical factors govern these dynamics at the community level. The best-studied example of such proliferations is the Spring Phytoplankton Bloom in temperate and sub-polar waters, whose occurrence is explained by models focusing on the need to keep cells in the illuminated zone of the water column (Riley, 1942; Sverdrup, 1953; Huisman et al, 1999) . The critical depth hypothesis (Sverdrup, 1953) focuses on the relationship between the compensation depth, where gross primary production and respiration are balanced, and the surface mixed layer depth (MLD), within which phytoplankton is mixed up and down. It predicts that when the MLD becomes shallower than a certain critical value (critical depth, z cr ), phytoplankton cells are retained in the upper illuminated part of the water column above the compensation depth, receiving enough photosynthetic active radiation (PAR) to make gross primary production during the day exceed losses due to respiration and hence allowing bloom development. Alternatively, as Sverdrup pointed out in his seminal paper (Sverdrup, 1953) , a phytoplankton population can increase independently of the MLD provided turbulence is low enough to keep cells in the illuminated surface layer (i.e. critical turbulence hypothesis; Huisman et al, 1999) .
Thus, either turbulence is intense and a shallowing of the MLD is necessary to expose phytoplankton to favourable light conditions, or turbulence is weak, independently of the MLD, and phytoplankton net growth rate exceeds vertical mixing rate. This last situation has been observed in the North Atlantic (Townsend et al., 1992; Eilertsen, 1993) and the North Sea (Backhaus et al., 1999; Dale et al., 1999) , and it seems to have been observed in the North and Northwest shelf waters of the Iberian Peninsula (Fernández and Bode, 1991) .
However, some authors maintain that these mechanisms of bloom initiation do not adequately explain the onset of the bloom (Smetacek and Passow, 1990 ) and have limited value as a diagnostic tool (Platt et al, 1991) . Diatoms, usually the dominant component of the Spring Phytoplankton Bloom (Varela, 1996) , are present in the winter community, although their metabolic rates must be low due to light limitation. When conditions turn out to be favourable, i.e. light limitation relaxes, they are capable of fast growth. Given the different time scale between the whole winter and a bloom event, it seems that environmental conditions during late-winter/earlyspring select those species which are capable of achieving high growth rates. So, it is necessary to introduce some physiological criteria at the individual level in bloom initiation to explain this change between maintenance and growth metabolism (Smetacek and Passow, 1990) . The Sverdrup critical depth criterion and, consequently, the Huisman critical turbulence criterion are necessary but not sufficient conditions for the initiation of phytoplankton blooms (Platt et al., 1991) .
The late winter/early spring blooms are primarily governed by irradiance (Legendre, 1990) , and given the major role that light plays in photosynthesis, solar radiation seems the best candidate to trigger a physiological activation mechanism at the individual level (Falkowski et al., 1985) . At the community level, under any of the hypotheses of bloom development, meteorological conditions are also of primarily importance (Ueyama and Monger, 2005) . The critical depth hypothesis has solar radiation as a key factor because it controls the euphotic depth (z eu ) and thus the PAR regime experienced by phytoplankton, but also the heating of the surface layer which drives the consolidation of thermal stratification that defines the surface MLD. The critical turbulence hypothesis focuses on the turbulence level in the water column, whose principal generating force is wind stress (Backhaus et al., 2003) , which can explain as much as the 60% of the variation in the turbulent kinetic energy dissipation rate (MacKenzie and Leggett, 1993) . Summing up, meteorological conditions, particularly incident solar radiation and wind stress, appear to be the ultimate factors underlying bloom initiation and development (Smetacek and Passow, 1990, Ueyama and Monger, 2005) .
The objective of this work is to investigate the meteorological and hydrographic factors that drive the initiation of phytoplankton blooms in a temperate ecosystem during late winter/early spring. With this aim, we analysed phytoplankton short-term bloom dynamics in shelf and oceanic waters of the Central Cantabrian Sea (Southern Bay of Biscay) in relation to concurrent meteorological and hydrographical conditions, considering the response of both the pico-and micro-phytoplankton components of the community [,5 and .5 mm equivalent spherical diameter (ESD) respectively].
M E T H O D Study site and sampling strategy
Two oceanographic cruises were carried out aboard R/V García del Cid in the Central Cantabrian Sea from 5th to 16th March 2004 (DINAPROFIT0304) and from 23rd February to 19th March 2005 (DINAPROFIT0205) ( Table I) . On the first of these cruises, an across-shelf transect of five oceanographic stations from the coast to the open ocean was sampled six times, whereas on the second cruise, the same transect, enlarged by one station for a better characterization of the variability in the oceanic area, was sampled eight times ( Fig. 1 and Table II) .
At each station, water column profiling was undertaken using a CTD rosette sampler (Mark-III), a fluorescence sensor (SeaTech) and Niskin bottles for water sampling at discrete depths for the analysis of nutrients, size-fractionated (0.2-5 and .5 mm sizefractions) chlorophyll a, b and c and pico-and microphytoplankton abundance.
Water samples for the measurement of chlorophyll concentration were taken at 3, 20, 40 and 80 m, and collected in dark bottles to avoid pigment damage. For each sample, 100 mL were filtered at low vacuum pressure (,100 mm Hg) sequentially through 0.2 and 5 mm polycarbonate filters (Millipore). Filters were kept frozen for later analysis in the laboratory. Chlorophyll was extracted with 90% acetone for 24 h at 48C and chlorophyll a, b and c were measured with a spectrofluorometer (Perkin Elmer LB-50s). Total chlorophyll concentration (Chl T ) was calculated as the sum of the three chlorophyll types in both size-fractions. Fluorescence measurements from the rosette fluorometer sensor (F) were calibrated against Chl T [Chl T = (3.2 + 0.2) F+(0.16 + 0.07), n = 464, r 2 = 0.65; Chl T = (1.8 + 0.1) F + (0.02 + 0.04), n = 294, r 2 = 0.54 for DINAPROFIT cruises 0304 and 0205, respectively]. Nutrient concentrations (ammonium, nitrite, nitrate, silicate and phosphate) were analyzed by replicated segmented flow analysis with a Skalar San Plus System auto-analyzer (Grashoff et al., 1983) . Due to the positive co-variance observed between the nutrients [correlation coefficients for the deseasonalized and detrended nutrient time series from 0 to 100 m for nitrate versus phosphate varies between 0.28 and 0.49 (P , 0.04), and for nitrate versus silicate between 0.27 and 0.64 (P , 0.04)], only the distribution of nitrate is considered in the present work.
The abundance of phototrophic pico-plankton was determined by flow cytometry (FACSalibur, Becton & Dickinson) . Water samples of 1.8 mL were fixed with 1% paraformaldehyde plus 0.05% glutaraldehyde solution, deep-frozen in liquid N 2 and stored at 2708C until analysis. Samples for the analysis of micro-phytoplankton (50 mL) were stored in dark bottles and fixed with 8 mL of lugol solution. Twenty-five millilitre of each sample was settled in Utermöhl chambers (Utermöhl, 1958) and analysed with an inverted microscope to define the species composition during the bloom.
Auxiliary information
Several meteorological data sets were consulted to gather meteorological information. The time series were compared among them and selected on the basis of data quality, resolution and proximity to the sampled transect. Daily time series of atmospheric pressure, air temperature and wind speed recorded at a meteorological station at sea (Cabo Peñas buoy, maintained by Oceanographic data from the scientific time-series monitoring programme RADIALES (http://www. seriestemporales-ieo.net/) were also used to define the seasonal context. The time series of monthly data from 2001 to 2005 collected at the Gijón section, which is partly coincident with the sections sampled during the DINAPROFIT cruises (Fig. 1) , were used to explore the correlation between physical and biogeochemical variables. The seasonality of the years 2004 and 2005 represented in Fig. 2 was derived from the same data. Variables measured and sampling protocols applied in the Gijón section were similar to those used during the DINAPROFIT cruises and can be consulted elsewhere (e.g. Calvo-Diaz et al., 2008) . (Siegel et al., 2002) and dotted-line indicate bloom onset derived from the break-points of the split linear regression model fitted to Chl T time series (Table V) .
Data analysis
The cumulative sums method (Ibanez et al., 1993) was applied to the meteorological time series to determine the dates, intensity and duration of the major changes of the meteorological conditions. The method permits the definition of homogeneous time intervals in the series relative to a reference period:
where, S p is the cumulated function; x i , the value i of variable x in the time series; p, the number of data points and k the mean value for the reference period. Three meteorological scenarios were defined on the basis of changes observed in solar radiation and wind speed. The local means (averages for each homogeneous time interval or scenario, Table III ), which are defined by the slope of the cumulative function ( Fig. 3) , were compared among them and with the reference means (February -March of 2004 and 2005, respectively) using a paired t-Student test (Table IV) to assess the significance level of the observed changes. The temporal variation of the across-shelf distribution of physical (temperature and salinity profiles from the CTD), biogeochemical variables (Chl T from fluorescence values and nitrate and chlorophyll a, b and c from water samples at discrete depths) and ratios between phytoplankton size-fractions was illustrated as contour images. Contouring was made using SURFER 8.0 (# Golden Software, Inc.) with Krigging as the interpolation method. (Table III) . In 2004, the occurrence of a meteorological disturbance is also noted (D).
Temperature-and density-based criteria were used to define the MLD. MLD was calculated as the depth where temperature is 0.5 (Levitus, 1982) and 0.28C (Thompson, 1976) below surface temperature, respectively, and as the depth where density is 0.125 kg m 23 below surface density (Levitus, 1982) .
The onset of the bloom was calculated following Siegel's criterion (Siegel et al., 2002) , which calculates the day of the bloom onset as the day when Chl level first rises a 5% threshold above annual median values. Annual chlorophyll data were obtained from station 2 of the Gijon section from the monthly time-series monitoring programme RADIALES.
Nitrate and chlorophyll data averaged for the surface layer of the water column (between 3 and 25 m) for all sampling stations were analysed to determine significant temporal changes (Table V) . Due to the short-length of these time series, they were characterized using a splitlinear regression model in order to define the dates and rates of significant changes in the time series:
where, a 1 and b 1 are, respectively, the intercept and slope coefficients of the first linear regression; y(x 0 ) and b 2 are the intercept and slope coefficients of the second linear regression; and (x 0 , y(x 0 )) is the point where both lines converge (or break-point of the split-linear regression). For the 2004 time series, in order to take into account the effect of the meteorological disturbance that occurred during the cruise, the split linear regression model was fitted to two nitrate and chlorophyll data sets (Table V) ; the first one [2004(1) ] integrated for all the data previous to the disturbance, and the second one [2004(2) ] integrated for all the data except those corresponding to the first increase in chlorophyll. The software used to carry out the split-linear regressions was GRAPHPAD PRISM 4.0 (# GraphPad Software, Inc.).
R E S U LT S Seasonal variation in 2004 and 2005
The seasonal processes of surface warming and progression of the seasonal thermocline typical of a 
temperate shelf sea (Longhurst, 1998) can be seen in Fig. 2A From September, the thermocline started to be eroded due to surface cooling and wind-driven mixing associated with the passage of atmospheric low pressure systems. A weak stratification could still persist until November-December, when the thermocline definitely broke down (around days 365 and 334). The processes of seasonal stratification/de-stratification occurred, respectively, earlier/later in the oceanic than in the coastal domain ( Fig. 2A) . The annual variation of the distribution of salinity is mainly controlled by freshwater runoff, which tends to occur during winter and early spring as short-lived pulses. ; Fig. 2D ). Offshore, high salinity values (.35 psu) were measured in summer, concurrent with maximum surface thermal stratification (on days 260 and 234), and between September and March, when the incursion of the Iberian Poleward Current (IPC) into the Northern Iberian margin has its maximum expression (development phase of the IPC) (Peliz et al., 2005) .
Nutrients exhibit marked seasonality. For example, the distribution of nitrate in 2004 and 2005 showed two well-defined periods ( Fig. 2E and F) . During springsummer, oligotrophic conditions (,1 mM) prevailed in the surface layer (nutricline between 10 and 40 m depth) concurrent with thermal stratification ( Fig. 2A and B) (days 120-270 and 84-300). The rest of the year, nitrate was well mixed and concentrations were higher than 4 mM. At the annual scale and from monthly data, the distribution of chlorophyll (Chl T ) in 2004 and 2005 showed some similarities ( Fig. 2G and H) . The spring bloom occurred around March (Chl T .2 mg m 23 : around days 60 and 84), and relative high values lasted for 1-2 months (two to three consecutive sampled dates) and extended all along the section from coastal to mid-shelf waters ( Fig. 2G and H) . However, it must be noticed that at higher resolution the dynamics of the spring bloom (discussed below) look quite different ( Fig. 2I and J (Fig. 2F) . A secondary bloom was detected in summer 2004 (day 220), apparently linked to coastal upwelling according to the uplift of isotherms (Fig. 2B ) and enhanced concentration of nitrate near the bottom layer (Fig. 2F ). An autumn bloom was (Fig. 3A and Table III) . From days 60 up to 72 (scenario 2), thus covering the initial part of the cruise (Table I) ). The local mean of R during this time interval was not significantly different from the reference mean, while W was significantly lower (Table IV) . However, a short-term meteorological disturbance caused by the passage of a low pressure system induced a sharp increase of W (12 m s 21 ) between days 68 and 72. During the last days of the cruise, from day 73 onwards (scenario 3), a further improvement in the weather occurred: Ta and R were significantly higher-than-average (1027.4 mb, 12.38C, 188.5 W m ), although not significantly different from the previous scenario (Table IV) .
(February 1st to March 31st)
A scenario of relatively bad weather, lower-than average P, Ta and R (1014.1 mb, 6.88C, 93.3 W m 22 h
21
) and higher-than average W (7.8 m s
), occurred from day 52, some days before the start of the cruise (on day 54), up to day 66 (scenario 1) ( Fig. 3B and ). The change of W from day 72 onwards (scenario 3) defined the scenario of the last days of the cruise: P, Ta and R maintained the relatively high levels of the previous scenario, while W descended significantly (4.2 m s 21 ) (Table IV) .
Hydrographic conditions during the cruises

(March 5th to 16th)
During the first days of the cruise (days 65-68), the vertical distribution of isoclines of temperature and salinity indicate almost complete mixing (Fig. 4A) . The across-shelf distribution showed a clear gradient from fresher and cooler coastal waters to saltier and warmer oceanic waters. A weak front at ca. 18 nautical miles offshore (station 4) separated both domains. The front strengthened on day 70 when a lens of fresh and cool water extended from the coast up to the frontal area. The last days of the cruise (days 73 and 76), concurrent with the improvement of the weather (third meteorological scenario), thermal stratification developed, progressing from the oceanic to the coastal domain. The thermocline became shallower and stronger at the end of the cruise. At station 3, for instance, the MLD was at 150 m depth from days 65 to 73, shoaling to 19 m according to the 0.58C bulk temperature difference criterion or to 42 m according to the 0.125 kg m 23 bulk density difference criterion 5 days later (78) (Fig. 5A) [or to 18 m 3 days later (76) with the 0.28C criterion].
The distribution of nitrate remained relatively homogeneous (.4 mM) during most of the cruise (days 65-73). The main characteristics were the relatively lower concentrations at the surface (2 -3 mM), and higher (,5 mM) at the coast and at the mid-shelf front (day 70) (Fig. 4A) . A more detailed analysis indicated that nitrate concentration in the surface layer (,25 m depth) showed a saw-tooth pattern: it decreased from day 66, increased on day 70 concurrent with a meteorological disturbance, and decreased again from day 73 onwards (Fig. 5B and Table V ). The last day of the cruise the surface concentration dropped below 1 mM and a nutricline developed at around 10 m depth (Fig. 4A) .
Total chlorophyll remained at relatively high concentrations (around 2 mg m 23 ) at the surface (above 30 m depth) during most of the cruise. Patches of high chlorophyll concentration (3 -4 mg m
23
) were found at the coastal and oceanic stations (days 65 to 70). On the last day of the cruise, the concentration in the surface layer increased to .4 mg m
. Nitrate and chlorophyll fields co-varied negatively, especially where patches of high chlorophyll were detected (e.g. Chl T .4 mg m 23 at the oceanic station on day 68) and when the bloom was well underway (day 76) (Fig. 4A) .
(February 23rd to March 19th)
The hydrographic conditions during the first 10 days of the cruise resemble those observed in the previous year ( Fig. 4B) : complete vertical mixing, a steep across-shelf gradient and a mid-shelf front were observed. An intense freshwater runoff pulse on day 67 enhanced the across-shelf gradient and strengthened the frontal structure that separates the fresher and cooler (note the strong thermal inversion on day 70) coastal side of the front from the saltier and warmer oceanic side. During the last days of the cruise (days 76-78), thermal stratification developed throughout the section, and a clear thermocline formed at around 20 m depth (Fig. 4B) . At station 3, for example, the MLD was at 150 m depth from days 54 to 73, shoaling to 6 m 3 days later (76) according to the 0.58C bulk temperature difference criterion (Fig. 5B ) and the 0.28C criterion or to 40 m 6 days later according to the 0.125 kg m 23 bulk density difference criterion (Fig. 5B) .
Nitrate and chlorophyll showed an almost homogeneous distribution, with values .6 mM and ,0.5 mg m
23
, respectively, during most of the cruise. Chlorophyll increased (.2 mg m 23 ) and nitrate decreased (,2 mM) in the surface layer towards the end of the cruise (Fig. 4B) . Nutrient time series showed that surface nitrate decreased significantly from day 70 ( Fig. 5B and Table V) . Table V) . Note that time scale is compressed for the first 50 days. Meteorological scenarios are also indicated (inserted numbers).
Phytoplankton dynamics
(March 5th to 16th)
Following Siegel's criterion (Siegel et al., 2002) , the onset of the bloom (Chl T .1.2 mg m 23 ) occurred around day 65 (March 5th) (Fig. 2I) , while according to the breakpoint criterion it occurred around day 67 (n = 33, r 2 = 0.64). The phytoplankton biomass baseline prior to the bloom had a slope not significantly different from zero, whereas after the onset of the bloom the slope increased significantly (Table V) . However, around day 68, chlorophyll concentration decreased concurrently with an increase in wind speed associated with the passage of a meteorological disturbance (Fig. 3A) . After the disturbance, the accumulation of biomass resumed (day 72). The chlorophyll maximum was reached at the end of the cruise, on day 76 (March 16th) (Fig. 5A) . The major contribution to the bloom was due to organisms larger than 5 mm. Before the onset, the ratio between small-and large-sized phytoplankton was .1, whereas after the onset it changed to ,1 throughout the across-shelf section (Fig. 6A) .
The bloom began first at stations 2, 3 and 5 and with some delay at stations 1 and 4. Chlorophyll concentration at stations 2, 3 and 5 was also high at the sub-surface (.2 mg m 23 below 25 m depth), while it was highest at the surface at stations 1 and 4, where concentrations below 25 m depth were ,0.5 mg m 23 (Fig. 7) . The maximum chlorophyll a in the large-sized fraction was 4 mg m
23
. Chlorophyll c showed the same variation pattern as chlorophyll a, with maximum concentrations of 1 mg m
. Chlorophyll b content in this size fraction was negligible (Fig. 7) . The bloom was dominated by Guinardia sp., and to a lesser extent by Rhizosolenia sp. and Meuneria sp.
Variations in the smaller size fraction were subtle but obvious. The higher chlorophyll a concentrations (0.4 mg m
) were observed at the end of the cruise at the oceanic stations (stations 4 and 5). Chlorophyll b followed the same pattern, with concentrations around 0.2 mg m 23 at the end of the cruise at the oceanic stations. Size fraction ,5 mm lacks, almost completely, chlorophyll c (Fig. 7) . Prochlorococcus was absent, while Synechococcus and pico-eukaryotes were limited to the oceanic area.
(February 23rd to March 19th)
The (Table V) . Biomass baseline prior to the bloom had a slope not significantly different from zero while wind speed maintained high values, whereas after the onset of the bloom the slope increased significantly concurrently with the amelioration of the meteorological conditions. The maximum chlorophyll maximum was reached on day 79 (March 19th) (Fig. 5B) .
The major contribution to the bloom was due to organisms larger than 5 mm in the coastal and shelf area, when the ratio between small-and large-sized was .1 before the onset of the bloom and shifted to ,1 afterwards. Contrasting with the situation observed in 2004, in the oceanic area the bloom was dominated in terms of biomass by organisms in the smaller size-fraction, and consequently the ratio remained ,1 (Fig. 6B) .
The bloom began in the shelf area (stations 2 and 3) and at the coastal and oceanic stations (4, 5 and 6) later on. At the oceanic stations, chlorophyll a increased in the surface (1 mg m 23 ), while at the shelf stations the concentrations were also higher (.1 mg m 23 ) in the sub-surface layer (below 25 m depth) (Fig. 7) . Chlorophyll c followed a similar pattern but with lower concentrations (maximum 1 mg m 23 in stations 1 and 2). At the coastal stations Chaetoceros sp., Pseudonitzschia sp. and Rhizosolenia sp. dominated the phytoplankton community, whereas at the oceanic stations the more abundant groups of microphytoplankton were dinoflagellates (Ceratium sp. and Peridinium sp.) and to a lesser extent diatoms such as Pseudonitzschia sp. and Thalassionema sp.
The smaller size-fraction dominated at the oceanic stations ; it began to increase in station 3 at the same time of the bloom, but only in the surface. At the oceanic stations, the increase was lagged and took place also in the sub-surface layer (Fig. 7) . Prochlorococcus was observed on the last days of February, but it disappeared towards the end of the cruise. Synechococcus and pico-eukaryotes, homogeneously distributed at the beginning of the cruise, increased their abundance at the oceanic stations during the bloom.
D I S C U S S I O N Seasonality and phytoplankton
Phytoplankton communities seem to have little buffering capacity against environmental changes, which imply that the dynamics of phytoplankton population is under tight bottom-up environmental control (Smayda, 1998) . This fact becomes apparent in the annual data from the long-term monitoring programme RADIALES for the years 2004 and 2005 presented here, where physical (temperature, salinity) and biogeochemical variables (nitrate, chlorophyll) covary significantly (Fig. 2) . However, it is necessary to be careful with the interpretation of the seasonality deduced from the analysis of monthly data, especially for those variables that show high variability at time scales shorter than the sampling interval. This issue is exemplified by chlorophyll: while its variability deduced from monthly data ( Fig. 2G and  H) suggests that the short-term, high-resolution cruises of 2004 and 2005 were carried out when the spring bloom had already begun, data from the cruises (Fig. 2I  and J) show that the observed blooms began later and more abruptly. Consequently, a monthly monitoring programme is not capable of capturing the actual characteristics (e.g. timing, intensity and persistence) of these transient events. Nevertheless, a long-term, monthly resolution time series monitoring programme is useful to provide a framework for the interpretation of data with higher resolution. For instance, in the case presented here, the setting of the situation prior to the bloom is important not only to determine temporal evolution or timing of the bloom but also to understand its across-shelf variation.
In 2005, the chlorophyll concentration prior to the bloom was very low, whereas in 2004, the concentration was higher, although steady. Freshwater discharges during the winter in 2004 could have promoted the occurrence of transient freshwater coastal blooms (Legendre, 1990 ) that, as the freshwater lens moved offshore, caused the relatively high chlorophyll concentration observed all along the section. Thus, the chlorophyll concentration baseline in 2004 was higher than in 2005, which means that local conditions for each year must be taken into account to explain the temporal evolution of the bloom.
The criterion from Siegel et al. (Siegel et al., 2002) for bloom onset defines a statistically based chlorophyll a threshold which is different for each zone and year (Henson et al., 2006) , hence taking into account its spatial and inter-annual variability. However, intra-annual variability is high and Siegel's criterion (Siegel et al., 2002) does not consider the biomass concentration baseline before the bloom. Thus, the method used here based on the adjustment of a split-linear regression model to the biomass values in order to obtain a date for bloom onset takes into account local conditions, showing for instance that biomass concentration is almost steady prior to the bloom, although it may be relatively high as occurred in 2004, whereas after the bloom onset it increases abruptly. This change in biomass does not tell us anything about what is happening with phytoplankton production because we lack data to asses the relative importance of other processes (such as grazing and sedimentation), but it is an evidence of the imbalance between gain and loss terms of biomass (Legendre, 1990) .
The blooms observed in 2004 and 2005 began later at oceanic than at coastal stations. Moreover, there were differences in the across-shelf distribution concerning the population of phytoplankton that caused the bloom. Even when both size-fractions responded to bloom conditions, they do it differently in the coastal and oceanic domains. Most of the year, phytoplankton biomass is dominated by small phytoplankton, while during the annual biomass maxima larger phytoplankton becomes dominant (Tilstone et al., 2003; Calvo-Diaz et al., 2008) . In the late-winter blooms reported here, both sizefractions increased their biomass during the bloom but the relative importance of the larger size-fraction, mainly chain forming diatoms, was higher at the coast and inner shelf whereas the relative importance of the smaller size fraction increases in the outer shelf and oceanic area, markedly in 2005.
Both years, a mid-shelf frontal area was observed according to the temperature and salinity across-shelf fields (Fig. 4) . This kind of front has been previously reported in the same area and month (Fernández and Bode, 1991) and can be also observed on an annual scale (Fig. 2C) . In 2005, the front persisted after the onset of the bloom, which can explain the clear difference in the coastal and oceanic blooms concerning the relative importance of the small-and large-sized phytoplankton components and species composition. In 2004, the mid-shelf front disappeared before the onset of the bloom, giving rise to the relatively homogeneous across-shelf phytoplankton composition observed this year. The differences in the across-shelf distribution of phytoplankton are relevant to the fate of biomass produced during the bloom. In the coastal area, where large-sized phytoplankton tends to dominate, the fate of the phytoplankton biomass will be sedimentation in absence of grazing, whereas in the oceanic area, sedimentation will not be as important giving the amount of biomass allocated to the small-sized phytoplankton which has almost neutral buoyancy. Alternatively, if there is a coupling between primary producers and consumers, in the coastal area the diatoms will be the base of a classical food web whereas in the oceanic area the pico-plankton will support the microbial loop (Azam et al., 1983 ).
Short-term dynamics: conceptual model of bloom dynamics
To describe the timing of the bloom, it is necessary to focus on two different aspects of bloom development, enhanced primary production and biomass accumulation, each one with their own forcing variables. Bloom timing for both years showed time delays between changes in the expected forcing variables (solar radiation and wind speed) and the phytoplankton response. So, events leading to a bloom can be divided in two periods according to the temporal evolution of phytoplankton in response to external forcing (Fig. 8) .
Time lags between stimuli and algal growth have been previously reported in natural oceanic communities (Duarte, 1990) . They can be divided into an "intrinsic" component, that comprises the time lag in the transfer of an environmental triggering factor to enhanced cell division, or primary production in Legendre's definition (Legendre, 1990) , and an "extrinsic" component that represents the delay in the transfer of enhanced cell division to population growth or biomass accumulation (Fig. 8A) .
For the intrinsic component, the external forcing variable that seems the best candidate to cause a physiological adaptation under light-controlled conditions, such as those encountered in late-winter and early-spring, is solar radiation as the primary factor that controls underwater PAR. This first lag ends when phytoplankton cells are able to respond to favourable conditions because their metabolic state has adapted (Fig. 8A) . In the present work, we have not taken into account any physiologically related variable as an indicator of physiological change. However, the decrease in the concentration of nitrate due to phytoplankton consumption could be considered as an indirect indicator of physiological adaptation previous to the ( potential) biomass accumulation or bloom. This assertion is stressed by the fact that significant changes in physiological variables derived from process-studies measured on the 2005 cruise, such as the changes in the slope of the photosynthesis -irradiance (P -E) curve, indicating photoadaptation to a different underwater PAR regime (López-Á lvarez et al., submitted for publication), or in sinking speed, suggesting potential buoyancy regulation (Acuña et al., submitted for publication), were concurrent with the change in nitrate concentration reported here. During the 2005 cruise, nitrate concentration dropped 5 days after the increase in solar radiation (Fig. 8B ), but biomass remained low during the 4 days that followed the decrease in nitrate. On the 2004 cruise, the situation was different because the increase of solar radiation and the decrease of wind speed occurred almost simultaneously. However, during the first adaptive period, which lasted 6 days, biomass did not accumulate even with the drop in wind speed (Fig. 8B) .
During the late-winter and early-spring blooms, the timing and duration of the second lag period (i.e. extrinsic component) depends also on a physical mechanism which maintains cells in the illuminated zone of the water column to make net population growth rate (Table V) .
positive exceeding loss terms such as sedimentation or grazing. Triggering variables for this physically driven phase, the blooming or accumulation phase, are solar radiation, for its role on surface heating and development of the seasonal thermocline (i.e. shoaling of the MLD) (Woods and Barkmann, 1986) and wind, for its prevalent role in the control of water column turbulence (Backhaus et al., 2003; MacKenzie and Leggett, 1993) (Fig. 8A) . In 2005, 2 days after the initiation of nitrate consumption, the wind speed decreased and 2 days later the bloom took place, whereas in 2004 the first lag period ended when wind speed was low, and the second lag was very short (1 day) (Fig. 8B) . In the late-winter blooms observed in 2004 and 2005, the shoaling of the MLD occurred when the bloom was well underway, while the wind-derived water column turbulence (MacKenzie and Leggett, 1993) decreased before the onset of the bloom. This sequence of events suggests that critical turbulence was the main mechanism causing the onset of the bloom. However, without estimations of critical depth and higher temporal resolution, it is not possible to dismiss the Sverdrup critical depth mechanism acting for instances at daily time scales by changes in the diurnal thermocline through the WoodsOnken mechanism (Woods and Onken, 1982) .
Timing of the bloom can be greatly affected by meteorological and hydrographic disturbances. The first lag is externally controlled by means of the effect of light regime on the biochemical adjustments that individual cells must carry out to become competent to grow. The second lag is also externally controlled because its duration is very sensitive to changes in population net growth rate, and any factor influencing it controls the duration of this second lag phase. For instance, in 2004 a meteorological disturbance associated with the passage of a low atmospheric pressure system disrupted surface water stability, making chlorophyll concentrations decrease and nitrate concentration to increase. In this case, the disturbance was short and the previous biomass accumulation was not completely reset; when favourable conditions returned, biomass accumulation re-built. In the same way that a disturbance during the second lag causes the interruption of bloom development by means of its effect on net growth rate, a disturbance during the first lag that interrupts physiological adaptation (e.g. PAR decrease) can delay bloom onset and even return the system to the initial situation. This suggests a characteristic time scale for the development of a bloom. A bloom can be expected to occur when its time scale is short relative to the time between disturbances (Platt et al, 1991) . In this work, this time scale was set at 7 -9 days for conditions of late-winter in the central Cantabrian Sea. MacIsaac et al. (MacIsaac et al., 1985) reported lags of 1 -5 days for oceanic phytoplankton under upwelling conditions and Harris (Harris, 1983) reported lags of 11 days for lake phytoplankton under vertical mixing (Duarte, 1990) .
This sequential mechanism made up of an adaptive phase and a growth phase, both externally controlled, could explain why the late-winter and spring blooms in the Central Cantabrian Sea, and presumably in other temperate shelf ecosystems, are not unique and uniform events but a succession of short-lived peaks of production and accumulation driven by the meteorological scenario experienced by the phytoplankton populations. Moreover, the same model could be applied not only to light-limited blooms but also to nutrient-limited blooms like those which take place in late summer/early autumn in temperate ecosystems. The environmental triggering change in this case would be the replenishment of nutrients at the surface and the forcing variables would be a mixing event or an upwelling situation; anyhow, an individual adaptive phase would be necessary before the potential biomass accumulation.
C O N C L U S I O N S
Phytoplankton blooms in the central Cantabrian Sea can take place during late-winter in the absence of water-column stratification, suggesting that critical turbulence is the mechanism allowing bloom development. However, a physical mechanism keeping cells in the euphotic layer of the water-column is a necessary but not sufficient condition for bloom initiation. The elapsed time between the changes in relevant meteorological conditions such as solar radiation and wind speed indicates that some physiological criterion must be taken into account to define a time scale for bloom initiation.
The time scale for the development of a phytoplankton bloom in the central Cantabrian Sea is around 7 -8 days. This characteristic time scale can be divided in two periods: one of physiological adaptation, driven by the increase in solar radiation that results in an enhancement of primary production, which in our case lasted around 4-6 days; and another one of growth, driven by the stability of the water column that results in biomass accumulation, which lasted 1 -4 days.
Meteorological conditions under which phytoplankton blooms take place act as forcing variables on the bloom onset and determine its development, which can explain why the late-winter and spring blooms in the Central Cantabrian Sea happen as a succession of short-lived peaks of production and accumulation more than a unique and uniform event.
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